Implications of Coronary Artery Disease in Heart Failure With Preserved Ejection Fraction  by Hwang, Seok-Jae et al.
Journal of the American College of Cardiology Vol. 63, No. 25, 2014
 2014 by the American College of Cardiology Foundation ISSN 0735-1097/$36.00
Published by Elsevier Inc. http://dx.doi.org/10.1016/j.jacc.2014.03.034Heart FailureImplications of Coronary Artery Disease in
Heart Failure With Preserved Ejection Fraction
Seok-Jae Hwang, MD, PHD,*y Vojtech Melenovsky, MD, PHD,*z Barry A. Borlaug, MD*











EM, Prague, Czech Rep
ips relevant to the conten
pt received November 26,
ed March 4, 2014.his study investigated the characteristics, evaluation, prognostic impact, and treatment of coronary artery disease
(CAD) in patients with heart failure and preserved ejection fraction (HFpEF).Background CAD is common in patients with HFpEF, but it remains unclear how CAD should be categorized, evaluated for, and
treated in HFpEF.Methods Clinical, hemodynamic, echocardiographic, treatment, and outcome characteristics were examined in consecutive
patients with previous HFpEF hospitalizations who underwent coronary angiography.Results Of the 376 HFpEF patients examined, 255 (68%) had angiographically-proven CAD. Compared with HFpEF patients
without CAD, patients with CAD were more likely to be men, to have CAD risk factors, and to be treated with
anti-ischemic medications. However, symptoms of angina and heart failure were similar in patients with and without
CAD, as were measures of cardiovascular structure, function, and hemodynamics. Compared with patients without
CAD, HFpEF patients with CAD displayed greater deterioration in ejection fraction and increased mortality,
independent of other predictors (hazard ratio: 1.71, 95% conﬁdence interval: 1.03 to 2.98; p ¼ 0.04). Complete
revascularization was associated with less deterioration in ejection fraction and lower mortality compared with
patients who were not completely revascularized, independent of other predictors (hazard ratio: 0.56, 95%
conﬁdence interval: 0.33 to 0.93; p ¼ 0.03).Conclusions CAD is common in patients with HFpEF and is associated with increased mortality and greater deterioration in
ventricular function. Revascularization may be associated with preservation of cardiac function and improved
outcomes in patients with CAD. Given the paucity of effective treatments for HFpEF, prospective trials are urgently
needed to determine the optimal evaluation and management of CAD in HFpEF. (J Am Coll Cardiol 2014;63:2817–27)
ª 2014 by the American College of Cardiology FoundationApproximately one-half of all patients with heart failure (HF)
have heart failure with preserved ejection fraction (HFpEF)
(1). In contrast to heart failure with reduced ejection fraction
(HFrEF), there is no proven effective treatment for HFpEF
(2). Accordingly, current studies and guidelines endorse
treatment of commonly observed comorbidities (3–5). It has
also recently been proposed that HFpEF represents a het-
erogeneous group of diseases that may respond differently to
treatments (6). This heterogeneity may be minimized by
subgrouping HFpEF patients according to the presence or
absence of key comorbidities. Coronary artery disease (CAD)
qualiﬁes as a viable candidate for subclassiﬁcation because it is
common in HFpEF (1). CAD also plausibly explains thear Diseases, Department of Medicine, Mayo
ota; yDivision of Cardiology, Department of
ational University Hospital, Jinju, Korea;
gy, Institute of Clinical and Experimental
ublic. The authors have reported that they have
ts of this paper to disclose.
2013; revised manuscript received February 5,pathophysiology, because myocardial ischemia causes dia-
stolic and systolic dysfunction (7–11), which are both com-
mon in patients with HFpEF (2,12).
See page 2828
However, because CAD and HFpEF are associated with
common risk factors, such as aging and hypertension, it is
also possible that CAD and HFpEF simply coexist in many
patients without any mechanistic relationship. As such, it
remains unclear whether HFpEF patients with CAD should
be diagnostically grouped separately from those without
CAD, how and when to evaluate for CAD in patients
presenting with HFpEF, and how to manage CAD once it
is identiﬁed, at least in the absence of an acute coronary
syndrome.
As a ﬁrst step toward better understanding of the impli-
cations of CAD in patients with HFpEF, we investigated
the clinical, structural, functional, hemodynamic, and
outcome characteristics in a rigorously phenotyped group of
patients who were previously hospitalized for HFpEF,
Abbreviations
and Acronyms
CAD = coronary artery
disease
CI = conﬁdence interval
HF = heart failure
HFpEF = heart failure with
preserved ejection fraction
HFrEF = heart failure with
reduced ejection fraction
HR = hazard ratio
IQR = interquartile range
LV = left ventricular
LVEF = left ventricular
ejection fraction
PASP = pulmonary artery
systolic pressure
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2818comparing those with angio-
graphically-veriﬁed CAD with
patients without signiﬁcant CAD.
To provide further insight into
therapeutics, we then examined
the associations of revasculariza-
tion with survival and ventricular
function in HFpEF patients with
CAD.Methods
Study population. All patients
discharged from St. Mary’s
Hospital at the Mayo Clinic with
the primary diagnosis of HF
(International Classiﬁcation of
Diseases-9th revision code 428)
between January 1, 2004, andDecember 31, 2012, were identiﬁed. From this group,
individuals who had undergone echocardiography were
identiﬁed and cross-checked with the Mayo Clinic
catheterization laboratory database to identify all patients
with coronary angiography within 1 year of hospital
discharge and echocardiography within 6 months before
angiography. Data from the ﬁrst angiogram were used for
patients with >1 examination. HFpEF was deﬁned by
clinical diagnosis of decompensated HF according to the
admitting physician and left ventricular ejection fraction
(LVEF) 50% within 6 months of hospitalization. In
addition to HF hospitalization, all HF patients had to fulﬁll
the Framingham criteria and/or demonstrate elevated left
heart ﬁlling pressures at catheterization (pulmonary capillary
wedge pressure or left ventricular [LV] end-diastolic pres-
sure; >15 mm Hg at rest or 25 mm Hg with exercise) in
studies performed speciﬁcally for the evaluation of dyspnea
(13). Patients with signiﬁcant valvular disease (more than
moderate left-sided regurgitation or more than mild steno-
sis); severe pulmonary disease; acute coronary syndrome
(deﬁned by 2 of the following: increasing cardiac enzymes,
ischemic electrocardiographic changes, typical chest pain);
primary renal, hepatic, or pulmonary vascular disease; high
output HF; chest radiation; severe anemia (9.0 g/dl);
constrictive pericarditis; and inﬁltrative, restrictive, or hy-
pertrophic cardiomyopathies were excluded.
Study design. HFpEF patients were divided into those
with and without signiﬁcant anatomic CAD, deﬁned
by angiographic stenosis of >50% in 1 epicardial
coronary artery with a visual reference lumen diameter of
2.5 mm, previous infarction, or any previous revasculari-
zation. All angiograms were interpreted by a single experi-
enced interventional cardiologist (S.J.H.). Syntax score was
calculated as previously described (14,15). Clinical, hemo-
dynamic, stress testing, and echocardiographic data were
abstracted from detailed chart review and compared in
HFpEF patients with and without CAD. Ischemia onnoninvasive stress testing was deﬁned as ST-segment de-
pression >2 mm, new regional wall motion abnormalities on
echocardiography, or reversible perfusion defects on myo-
cardial nuclear imaging.
Complete revascularization was deﬁned as treatment of all
>50% coronary stenoses in epicardial vessels by percuta-
neous intervention and/or coronary bypass grafting. In-
complete revascularization was deﬁned as intervention
on 1 signiﬁcant stenosis, but with residual lesion(s) of
>50% stenosis. The impact of the presence or absence of
CAD and the impact of revascularization in HFpEF pa-
tients with CAD was assessed by follow-up echocardiogra-
phy performed no sooner than 6 months after angiography
and by assessing vital status ascertained through chart review
and the Social Security Death Index.
Assessment of cardiovascular structure, function, and
hemodynamics. Two-dimensional and Doppler echocar-
diography were performed to assess LV morphology and
systolic and diastolic function according to American Society
of Echocardiography guidelines by experienced sonogra-
phers and echocardiologists (16). Right and left heart
catheterization were performed in the supine position via the
jugular or femoral veins and femoral or radial arteries using
ﬂuid-ﬁlled catheters (13). Hemodynamic parameters
including right and left heart ﬁlling pressures, pulmonary
artery pressures, cardiac output, pulmonary and systemic
arterial resistance, compliance, and elastance were deter-
mined as described previously (17).
Statistical analysis. Continuous variables were reported as
mean  SD or median (interquartile range [IQR]) and
compared by analysis of variance, paired t test, or Mann-
Whitney U test. Categorical variables were expressed as
number (percent) and were compared by chi-square or
Fisher exact test. Regression was used to adjust for potential
confounding, in which the dependent variable was the
normally distributed continuous (linear least-squares
regression) or categorical (logistic regression) outcome var-
iable of interest. The impact of the presence of CAD on
survival and impact of revascularization in patients with
CAD were assessed by the Kaplan-Meier method with Cox
regression analysis to adjust for other univariate predictors of
death. Univariate predictors were selected based on previ-
ously-published studies that showed an association with
increased mortality in HFpEF (18,19) and sufﬁcient avail-
ability of data in the sample population. In the primary
treatment analysis, “revascularization” was considered com-
plete in patients who received complete revascularization,
whereas patients who did not undergo revascularization or
had “incomplete revascularization” were included together in
the comparator group (20).
Results
During the 8-year study, there were 4,331 unique patients
who were admitted with a primary diagnosis of HF who
underwent both echocardiography and angiography within
Figure 1 Flow Diagram Showing Identiﬁcation of Patients
EF ¼ ejection fraction; HFpEF ¼ heart failure with preserved ejection fraction.
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2819the protocol-speciﬁed timelines relative to hospitalization
(Fig. 1). From this sample of HF patients, 52.6% had
reduced ejection fraction (EF), and 47.4% had preserved EF.
After exclusion of preserved EF patients with acute coronary
syndrome, primary valvular heart disease, cardiomyopathies,
and other exclusion criteria, 376 patients with HFpEF were
identiﬁed, constituting the study population. Of this group,
255 (68%) had CAD and 121 (32%) did not have CAD
(Table 1). Of HFpEF patients with CAD, 36% had 3-vessel
disease, 36% had 2-vessel disease, and 28% had 1-vessel
disease. Mean SYNTAX score in patients with CAD was
19  14. Indications for angiography are provided in Online
Table 1.
Clinical characteristics in HFpEF patients with and
without CAD. Compared with HFpEF patients without
CAD, patients with CAD were slightly older and were more
likely to be men; to have typical CAD risk factors, including
hypertension, diabetes, dyslipidemia, and smoking history;
and to be treated with anti-ischemic medicines, including
beta-blockers, nitrates, statins, and aspirin (Table 1). How-
ever, none of these parameters effectively distinguished CAD
from no CAD (all areas under the receiver-operating curve
<0.7) (Online Table 2). There were no differences among
HFpEF patients with or without CAD in body mass, atrial
ﬁbrillation, or use of other HF therapies, including inhibitors
of the renin-angiotensin-aldosterone axis and diuretics.
Patients with and without CAD reported severe HF
symptoms (>50% New York Heart Association functional
class III or IV) with no group differences (Table 1).
Intriguingly, the proportion of patients reporting any angina
or severe angina (Canadian Cardiovascular Society class II)
was not different in HFpEF patients with or without CAD
(Table 1). Anginal symptoms were similarly prevalent inpatients with or without diabetes (35% vs. 37%; p ¼ 0.4).
Troponin T levels were assessed during HF hospitalization
in 81 patients (22%) and were slightly higher in patients
with CAD (Table 1), although troponin levels did not
identify the presence of CAD in logistic regression analysis
(p ¼ 0.9) (Online Table 1). Compared with patients with-
out CAD, HFpEF patients with CAD had more renal
dysfunction and a trend for higher brain natriuretic peptide
levels, although the latter difference was not observed after
accounting for differences in renal function (p ¼ 0.2).
Baseline ventricular structure and function. The LV
chamber size, mass, stroke volume, and cardiac output were
similar in patients with or without CAD (Table 2). LV mass
and relative wall thickness were slightly greater and EF
slightly lower in HFpEF patients with CAD compared with
patients without CAD, although these differences were
attenuated after adjusting for age and sex. LV diastolic
function, estimated pulmonary artery systolic pressure
(PASP), and arterial properties were similar in HFpEF
patients with and without CAD, with the exception of echo-
estimated LV ﬁlling pressures (E/e0 ratio), which were
elevated in both groups but were signiﬁcantly higher
in HFpEF patients with CAD compared with patients
without CAD.
Evaluation for ischemia. More than one-half of HFpEF
patients underwent stress testing before angiography (57% vs.
53% of patients with and without CAD, p ¼ 0.5) (Table 2).
Treadmill electrocardiographic testing was performed in
16%, stress echocardiography in 39%, and nuclear testing in
45% of patients. Among patients who underwent stress
testing, 70% with angiographically-proven CAD were found
to have ischemia at the time of stress testing, with a 30% false
negative rate (Fig. 2). Deﬁning CAD using the more




(n ¼ 255) p Value
Age, yrs 71  10 73  9 0.01
Male 30 (25%) 145 (57%) <0.0001
Body mass index, kg/m2 33.0  7.7 33.5  7.0 0.5
Medical history
Hypertension 89 (74%) 215 (84%) 0.02
Diabetes 36 (30%) 120 (47%) 0.002
Dyslipidemia 58 (48%) 176 (69%) <0.0001
Smoking ever 44 (39%) 118 (51%) 0.04
Atrial ﬁbrillation 29 (24%) 68 (27%) 0.6
Chronic kidney disease 40 (33%) 99 (39%) 0.3
Previous MI 0 (0%) 52 (20%)
Previous PCI 0 (0%) 70 (27%)
Previous CABG 0 (0%) 78 (31%)
Symptoms and examination
Dyspnea 110 (92%) 230 (93%) 0.7
Angina 39 (37%) 86 (36%) 1.0
NYHA functional class III 64 (53%) 137 (56%) 0.7
CCS class II 31 (30%) 78 (34%) 0.6
Jugular venous distention 33 (27%) 67 (27%) 0.9
Medications
ACE inhibitor or ARB 67 (55%) 164 (65%) 0.07
Beta-blocker 74 (61%) 186 (74%) 0.02
Loop diuretics 53 (44%) 127 (50%) 0.3
Aldosterone antagonist 4 (3%) 17 (7%) 0.2
Thiazide diuretics 23 (19%) 61 (24%) 0.3
Calcium-channel blocker 36 (30%) 73 (29%) 0.9
Nitrate 12 (10%) 61 (24%) 0.0008
Statin 57 (47%) 175 (70%) <0.0001
Aspirin 58 (48%) 178 (71%) <0.0001
Laboratories
Hemoglobin, g/dl 12.5  1.7 12.3  1.7 0.3
Blood urea nitrogen, g/dl 22.3  11.3 26.7  15.2 0.005
Creatinine, g/dl 1.1  0.4 1.3  0.5 <0.0001
Na, mmol/l 140  3 140  3 0.1
BNP, pg/ml (n ¼ 38/105) 182 (104, 468) 363 (187, 675) 0.008
Troponin T, ng/ml (n ¼ 13/68) 0.02 (0.01, 0.05) 0.04 (0.02, 0.078) 0.04
Angiography
Extent of CAD
1-vessel disease d 71 (28%)
2-vessel disease d 91 (36%)
3-vessel disease d 93 (36%)
Average number of vessels d 2.1  0.8
SYNTAX score d 19  14
SYNTAX score grade
<22 d 152 (63%)
22 to 32 d 45 (19%)
33 d 43 (18%)
Disease territory
Left main disease d 39 (16%)
LAD disease d 162 (68%)
Diagonal disease d 76 (32%)
LCX disease d 152 (63%)
RCA disease d 156 (65%)
Values are mean  SD, n (%) or median (interquartile range).
ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; BNP ¼ brain natriuretic peptide; CABG ¼ coronary artery bypass graft;
CAD ¼ coronary artery disease; CCS ¼ Canadian Cardiovascular Society; HFpEF ¼ heart failure with preserved ejection fraction; LAD ¼ left anterior
descending artery; LCX ¼ left circumﬂex artery; MI ¼ myocardial infarction; Na ¼ sodium; NYHA ¼ New York Heart Association; PCI ¼ percutaneous
coronary intervention; RCA ¼ right coronary artery.
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Table 2 Structure, Function, and Ischemia Evaluation
HFpEF Without CAD HFpEF With CAD Nonadjusted p Value Adjusted p Value*
LV morphology and systolic function
LV end-diastolic volume, ml/m2 59  12 59  14 0.8 0.8
LV end-systolic volume, ml/m2 21  7 22  9 0.3 0.4
LV mass index, g/m2 100  25 109  29 0.005 0.08
Relative wall thickness 0.43  0.08 0.46  0.09 0.03 0.04
LA volume index, ml/m2 43  15 46  15 0.2 0.8
LV ejection fraction, % 62  6 61  7 0.015 0.04
Stroke volume 87  21 91  23 0.1 0.8
Cardiac index 3.0  0.6 2.9  0.6 0.5 0.3
LV diastolic function
Mitral E-wave, m/s 0.9  0.3 1.0  0.3 0.05 0.01
Mitral A-wave, m/s 0.8  0.3 0.8  0.3 1.0 0.7
Mitral deceleration time, ms 195  54 199  48 0.5 0.7
Mitral e0 velocity, m/s 0.06 (0.05, 0.07) 0.06 (0.05, 0.075) 0.16 0.02
E/e0 ratio 16  7 18  9 0.003 <0.001
Estimated PASP, mm Hg 45  15 46  14 0.6 0.8
Vascular function
Arterial elastance, mm Hg/ml 1.4  0.4 1.4  0.4 0.3 0.7
Vascular resistance, dyne,s1,cm5 1,414  422 1,368  380 0.3 0.9
Arterial compliance, ml/mm Hg 1.6  0.5 1.6  0.6 1.0 0.3
Stress test, total number/positive ischemia
Total 64/29 (45%) 145/102 (70%) 0.0006
Treadmill test (n ¼ 31) 17/1 (6%) 14/1 (7%) 1.0
Echocardiography (n ¼ 77) 27/13 (48%) 50/34 (68%) 0.09
Nuclear (n ¼ 101) 20/15 (75%) 81/67 (83%) 0.4
Values are mean  SD, n (%) or median (interquartile range). *Adjusted for age and sex.
LA ¼ left atrial; LV ¼ left ventricular; PASP ¼ pulmonary artery systolic pressure; other abbreviations as in Table 1.
JACC Vol. 63, No. 25, 2014 Hwang et al.
July 1, 2014:2817–27 Coronary Artery Disease in HFpEF
2821stringent criterion of stenosis 70% produced a similar 28%
false negative rate. Conversely, nearly one-half (45%) of
HFpEF patients with no signiﬁcant anatomic CAD on
angiography were found to have a positive test. False positive
and false negative test rates were similar in patients presenting
with or without angina (Fig. 2). Overall accuracy of stress
testing to classify CAD was 66%, with no signiﬁcant differ-
ence between the modalities (p ¼ 0.18) (Online Table 3).
Invasive hemodynamics. Approximately one-third and
one-half of HFpEF patients with and without CADFigure 2 Operating Characteristics of Stress Testing in HFpEF
Accuracy for classiﬁcation of the presence or absence of anatomic coronary artery disease
failure with preserved ejection fraction (HFpEF) who experienced angina.underwent invasive hemodynamic assessment (Table 3). On
average, HFpEF patients had systemic hypertension,
elevated right and left heart ﬁlling pressures, mild pulmonary
hypertension, preserved cardiac output at rest, and mild to
moderate pulmonary vascular disease, but there were no
differences noted in any hemodynamic parameters between
HFpEF patients with or without CAD. A subset of patients
underwent invasive exercise evaluation, which showed
elevation in cardiac ﬁlling pressures and exercise-induced
pulmonary hypertension with stress, but again there were(CAD) based upon stress testing in (A) the entire sample and (B) patients with heart
Table 3 Invasive Hemodynamics
HFpEF Without CAD HFpEF With CAD p Value
Baseline, n 63 85
Heart rate, beats/min 71  11 71  14 0.8
Systolic aortic pressure, mm Hg 145  29 147  30 0.7
RA pressure, mm Hg 11  6 11  5 0.9
PA systolic pressure, mm Hg 48  16 49  18 0.7
PA mean pressure, mm Hg 31  11 31  11 0.9
PCWP, mm Hg 18  7 18  7 0.9
LV end-diastolic pressure, mm Hg 20  8 20  6 0.6
Cardiac index, l/min,m2 2.4  0.7 2.6  0.9 0.2
Pulmonary vascular resistance, WU 2.9  1.9 2.7  1.6 0.6
Exercise, n 33 28
Heart rate, beats/min 100  25 98  14 0.7
Aortic pressure, mm Hg 174  28 179  27 0.5
PA systolic pressure, mm Hg 60  12 63  14 0.4
Mean PA pressure, mm Hg 43  8 45  9 0.4
PCWP, mm Hg 29  6 27  6 0.1
LV end-diastolic pressure, mm Hg 26  9 28  9 0.7
Cardiac index, l/min,m2 4.8  3.1 3.9  1.0 0.3
Pulmonary vascular resistance, WU 2.1  1.1 2.6  2.0 0.4
Nitroprusside, n 14 16
Heart rate, beats/min 71  13 72  14 0.9
Aortic pressure, mm Hg 110  58 119  21 0.6
PA systolic pressure, mm Hg 49  13 49  20 1.0
Mean PA pressure, mm Hg 32  11 32  11 0.8
PCWP, mm Hg 18  8 16  8 0.5
LV end diastolic pressure, mm Hg 14  8 14  4 0.9
Cardiac index, l/min,m2 4.2  2.3 3.1  0.6 0.2
Pulmonary vascular resistance, WU 2.2  1.5 2.9  1.8 0.4
Values are n or mean  SD.
PA ¼ pulmonary artery; PCWP ¼ pulmonary capillary wedge pressure; RA ¼ right atrial; other abbreviations as in Tables 1 and 2.
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smaller subset of patients received nitroprusside infusion,
which also showed no discernible differences in central
hemodynamic responses in patients with or without CAD.
Impact of CAD on ventricular function and mortality.
Repeat echocardiography was performed in 218 patients
(59% of patients with CAD, 55% of patients without
CAD; p ¼ 0.5) a median interval of 1,314 days (IQR: 655
to 1,947 days) after catheterization. Baseline characteristics
were similar in patients who did or did not undergo repeat
echocardiography (Online Table 4). Systolic function
(LVEF) deteriorated in patients with CAD but not in pa-
tients without CAD (Figs. 3A and 3B). Compared with
patients without CAD, HFpEF patients with CAD expe-
rienced a 4-fold greater decline in EF over time (4.6 
10.3% vs. 1.0  8.7%; p ¼ 0.01) (Fig. 3C). Documented
myocardial infarction occurred in 10 patients with CAD and
1 patient without CAD (p ¼ 0.11). After excluding patients
with known intercurrent infarction, EF deterioration re-
mained signiﬁcantly greater in patients with CAD (3.3 
9.5% vs. 0.5  9.4%; p ¼ 0.02).
During a median follow-up of 1,457 days (IQR: 692 to
2,366 days), there were 112 deaths. HFpEF patients with
signiﬁcant anatomic CAD had higher mortality compared
with HFpEF patients without CAD (hazard ratio [HR]:1.61, 95% conﬁdence interval [CI]: 1.06 to 2.59; p ¼ 0.026)
(Fig. 4). Age, echo-estimated PASP, chronic kidney dis-
ease, atrial ﬁbrillation, E/e0 ratio, hemoglobin, and sodium
were also univariate predictors of death (Table 4). In
multivariate analysis incorporating univariate predictors,
the presence of CAD remained a signiﬁcant predictor of
increased risk of death (HR: 1.71; 95% CI: 1.03 to 2.98;
p ¼ 0.04).
Impact of revascularization in HFpEF patients with
CAD. Of 255 HFpEF patients with signiﬁcant CAD, 205
(80%) underwent revascularization (63% percutaneous
intervention, 37% surgical bypass). Complete revasculariza-
tion was performed in 102 patients, partial revascularization
in 103 patients, and no revascularization in 50 patients. The
clinical, echocardiographic, and hemodynamic characteris-
tics, as well as CAD severity of patients who underwent
complete revascularization, were not different from those
who had incomplete and/or no revascularization (Online
Tables 5 to 8). The presence and severity of angina and
ischemia burden on stress testing were not different between
patients who received complete, incomplete, or no revascu-
larization. The most common documented reasons for not
pursuing revascularization were uncertain relation to symp-
toms, indeterminate severity of lesions, and absence of
angina (Online Table 9).
Figure 3 Impact of CAD and Revascularization on Longitudinal Changes in LV Function
(A to C) In patients with HFpEF without signiﬁcant CAD, there was no longitudinal change in EF, whereas in patients with CAD, there was a reduction in EF, with multiple patients
developing reduced EF (<50%, dotted lines). (D to F) The reduction in EF was attenuated with complete revascularization compared with incomplete or no revascularization.
LV ¼ left ventricular; other abbreviations as in Figures 1 and 2.
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255 patients with CAD a median of 1,219 days (IQR: 651
to 1,898 days) after catheterization. LVEF decreased on
average in HFpEF patients with CAD (Figs. 3D and 3E),
although patients who were not completely revascularized
experienced a 2-fold greater decline in EF compared withFigure 4 Impact of CAD on Survival in Patients With HFpEF
Kaplan-Meier plot showing reduced survival in HFpEF patients with CAD (red line)
compared with patients without CAD (black line). Abbreviations as in Figure 2.patients who underwent complete revascularization (2.7 
8.9% vs. 6.1  11.1%; p ¼ 0.04) (Fig. 3F). Longitudinal
changes in EF were not different comparing patients with
single-vessel disease with HFpEF patients without CAD
(Online Fig. 1). The change in EF was not associated with
mortality (p ¼ 0.2).
During a median follow-up of 1,478 days (IQR: 708 to
2,371 days), there were 87 deaths among HFpEF patients
with CAD. HFpEF patients who underwent complete
revascularization had signiﬁcantly improved survival
compared with patients who did not undergo complete
revascularization (Fig. 5A), with survival rates being similar
to what was observed in HFpEF patients without CAD
(Fig. 5B). Similar results were observed in a sensitivity
analysis, in which revascularization was deﬁned as treatment
of stenoses of 70% severity (p ¼ 0.03) (Online Fig. 2),
comparing complete revascularization with partial or no
revascularization separately (Online Fig. 3) and comparing
surgical versus percutaneous revascularization (Online
Fig. 4). Patients with multivessel disease or higher
SYNTAX scores displayed better outcomes with revascu-
larization compared with patients with single-vessel disease
or low SYNTAX scores (Fig. 6). Survival in patients with
single-vessel disease was not different from HFpEF patients
without CAD (Online Fig. 5), and outcomes were similar in
CAD patients with negative and positive stress tests (p ¼
0.5). Overall, differences in survival associated with revas-
cularization status persisted after adjusting for other
Table 4 Multivariable Analysis for Independent Predictors of Survival in HFpEF Patients (Cox Proportional Hazard Model)
Univariate Model Multivariate Model (Total Chi-Square: 44.8)
Chi-Square OR (95% CI) p Value Chi-Square OR (95% CI) p Value
Age (per 1-yr increase) 17.16 1.05 (1.03–1.08) <0.001
PASP (per 1-mm Hg increase) 15.35 1.03 (1.02–1.04) <0.001 4.67 1.02 (1.00–1.03) 0.03
Chronic kidney disease 13.73 2.02 (1.40–2.94) <0.001 8.11 2.10 (1.26–3.53) 0.004
Atrial ﬁbrillation 8.26 1.80 (1.21–2.63) 0.004 5.66 1.83 (1.11–2.97) 0.02
E/e0 ratio (per 1 increase) 7.89 1.03 (1.01–1.05) 0.005
Hemoglobin (per 1-g/dl decrease) 7.14 1.18 (1.04–1.30) 0.008
Sodium (per 1-mEq/l decrease) 5.27 1.08 (1.01–1.14) 0.022
SBP (per 1-mm Hg increase) 5.15 0.99 (0.98–0.99) 0.023 7.59 0.99 (0.98–0.99) 0.006
Coronary artery disease 4.99 1.63 (1.06–2.59) 0.026 4.60 1.75 (1.05–3.03) 0.03
Men 3.79 1.45 (0.99–2.10) 0.052
BMI (per-1 kg/m2 increase) 1.90 0.98 (0.95–1.01) 0.17
Diabetes 1.11 1.22 (0.84–1.77) 0.29
Chronic kidney disease: estimated glomerular ﬁltration rate by Cockcroft-Gault formula <60 ml/min/1.73 m2.
BMI ¼ body mass index; CI ¼ conﬁdence interval; OR ¼ odds ratio; SBP ¼ systolic blood pressure; other abbreviations as in Tables 1 and 2.
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2824univariate predictors of death, including age, chronic kidney
disease, atrial ﬁbrillation, pulmonary artery pressure, previ-
ous myocardial infarction, and SYNTAX score (HR: 0.56;
95% CI: 0.33 to 0.93; p ¼ 0.03) (Table 5, Online Table 10).Discussion
This is the ﬁrst study to thoroughly examine the clinical,
structural, functional, hemodynamic, and prognostic impli-
cations of CAD and its treatment in patients with HFpEF.
We studied patients with unequivocal, rigorously adjudi-
cated HF characterized by a previous hospitalization, in
which alternative etiologies, including acute coronary syn-
drome, valvular heart disease, cardiomyopathy, and pericar-
dial disease, were excluded. The presence of signiﬁcant
CAD, ascertained anatomically using the gold standard of
coronary angiography, was observed in two-thirds of pa-
tients. Compared with HFpEF patients without CAD,
patients with CAD were more likely to be men, to have
typical atherosclerotic risk factors, and to be treated withFigure 5 Impact of Revascularization on Survival in Patients With HF
Kaplan-Meier plots showing (A) greater survival in patients with CAD who were revascular
revascularized (blue line) and (B) similar survival in patients with CAD who were revascular
Figure 2.anti-ischemic medications. However, dyspnea and angina
symptoms were similar, as were invasively-measured he-
modynamics and most indexes of cardiovascular structure
and function. Noninvasive stress testing poorly classiﬁed the
presence or absence of anatomic CAD among patients with
and without angina. Over a median follow-up of 4 years,
HFpEF patients with CAD experienced greater deteriora-
tion in systolic function and signiﬁcantly worse survival
compared with patients without CAD. However, HFpEF
patients with CAD who underwent complete revasculari-
zation experienced less reduction in LVEF and had
improved survival compared with patients who had incom-
plete or no revascularization, particularly among patients
with more severe CAD. We conclude that despite numerous
clinical, structural, and hemodynamic similarities, important
differences in natural history and response to treatment
justify the diagnostic separation of HFpEF patients ac-
cording to the presence or absence of CAD. The failure of
symptoms and noninvasive testing to adequately identify or
exclude CAD in patients with HFpEF raises questionspEF With CAD
ized (revasc) (green line) compared with patients with CAD who were not completely
ized (green line) and patients without signiﬁcant CAD (black line). Abbreviations as in
Figure 6 Impact of Revascularization According to CAD Severity
Kaplan-Meier plots showing survival among patients with coronary artery disease (CAD) who were revascularized (revasc) (blue lines) compared with those who were not
completely revascularized (red lines) according to SYNTAX score and number of diseased coronary vessels. Mod ¼ moderate.
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2825regarding its optimal assessment in this population. Al-
though prospective trials are needed, the current exploratory
data support the hypothesis that revascularization of CAD
in patients with HFpEF might be effective to improve both
ventricular function and survival in this population.
Community-based studies have shown that CAD, diag-
nosed based on a history of myocardial infarction, revasculari-
zation, or electrocardiographic changes, is common inHFpEF,Table 5 Multivariable Analysis for Independent Predictors of Surviva
Univariate Mo
Chi-Square OR (95% C
Chronic kidney disease 14.02 2.25 (1.47–3
Age (per 1-yr increase) 13.96 1.05 (1.02–1
Hemoglobin (per 1-g/dl decrease) 10.19 1.23 (1.08–1
Atrial ﬁbrillation 8.14 1.93 (1.24–2
PASP (per 1-mm Hg increase) 6.24 1.02 (1.00–1
Revascularization 4.93 0.61 (0.38–0
E/e0 ratio (per 1 increase) 5.11 1.03 (1.00–1
Systolic blood pressure (per 1-mm Hg increase) 3.22 0.99 (0.98–1
Plasma sodium (per 1-mEq/l decrease) 3.04 1.06 (0.99–1
BMI (per 1-kg/m2 increase) 1.73 0.98 (0.95–1
SYNTAX score (per 1 increase) 1.24 1.01 (0.99–1
Previous myocardial infarction 0.53 1.20 (0.72–1
Diabetes 0.32 1.13 (0.74–1
Abbreviations as in Tables 1, 2, and 4.and is present in 40% to 50% of patients (1,19,21–23).
The prevalence of angiographically-ascertained CAD was
higher in the present study (68%). Although this higher
prevalence is due in part to referral bias, it is also possible that
previous studies that relied on clinical criteria might have
underappreciated the burden of CAD in HFpEF. We
observed that the presence of CAD was associated with
greater reduction in LVEF over time, conﬁrming andl in HFpEF Patients With CAD (Cox Proportional Hazard Model)
del Multivariate Model (Total Chi-Square: 43.7)
I) p Value Chi-Square OR (95% CI) p Value
.45) <0.001 6.98 2.11 (1.21–3.69) 0.008
.08) <0.001
.39) 0.001 4.46 1.17 (1.01–1.36) 0.035
.97) 0.004 11.93 2.51 (1.50–4.13) <0.001
.03) 0.01
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2826extending a recent study by Dunlay et al. (24). In contrast,
reduction in EF to <50% was distinctly uncommon in
HFpEF patients without CAD (Fig. 3A). The worsening
ventricular function did not appear to be completely
explainable by clinically-apparent intercurrent myocardial
infarction, suggesting that CAD may adversely affect ven-
tricular function in HFpEF through a combination of acute
and chronic ischemic effects.
Despite the common presence of CAD in HFpEF, data
regarding its prognostic implications and optimal treatment
are sparse and somewhat conﬂicting. A study from the
CASS (Coronary Artery Surgery Study) registry showed that
the presence of HF in patients with CAD and EF >45%
was associated with increased risk of death (25). However,
2 more recent studies observed no excess risk in HFpEF
patients with CAD (22,23), although CAD was deﬁned
clinically rather than angiographically. Importantly, most
previous studies of HFpEF have not rigorously sub-
phenotyped patients to exclude alternative etiologies of the
clinical syndrome of HF. The present data show, in a
carefully deﬁned, homogenous, well-described HFpEF
cohort, that the presence of CAD is associated with
increased risk of death, even after adjusting for other inde-
pendent markers of risk. Changes in LV function and
outcome were similar for HFpEF patients with no CAD
and patients with single-vessel disease, suggesting that the
adverse impact of CAD on HFpEF might be more related
to multivessel disease; this is similar to what has been re-
ported in HFrEF (26). The differences observed between
HFpEF patients with and without CAD in the present
study in ventricular function and in outcome provide justi-
ﬁcation for the subcategorization of HFpEF patients
according to the presence or absence of CAD in both clinical
practice and research.
It is notable that HFpEF patients with and without
CAD did not differ in clinically meaningful ways in terms
of anginal symptoms, laboratory results, and cardiovascular
structure, function, and hemodynamics. Demographic
characteristics and comorbidities were clearly different in
patients with and without CAD, with a greater prevalence
in men and more atherosclerotic risk factors in the CAD
group, as expected. However, in receiver-operating curve
analysis, none of these factors effectively distinguished
patients with CAD from those without CAD (Online
Table 2). Importantly, 30% of patients with anatomically-
proven CAD had a negative stress test result, suggesting
that a substantial number of HFpEF patients might not
receive potentially effective therapies if stress imaging alone
were relied upon to exclude CAD. The common misclas-
siﬁcation of the presence or absence of anatomically-
deﬁned CAD by stress testing observed in the present study
suggests that there might be previously unrecognized
limitations of stress testing in this population, although the
rates of misclassiﬁcation noted might be inﬂated by
higher pre-test probability for CAD on average among
referring cardiologists. Further study is required to identifythe optimal diagnostic assessments for CAD in patients
presenting primarily with the clinical syndrome of
HFpEF.
No treatment has been shown to improve survival in
HFpEF (2), leading many authorities to emphasize
treatment of commonly-observed comorbidities such as
CAD (3–5). However, currently-available data regarding
optimal management of CAD in HFpEF are scarce. An
early study from the CASS registry showed that survival
was similar in patients with HF, CAD, and EF >45%
treated medically and with revascularization (25), although
both medical and revascularization options have changed
dramatically since that era. In a retrospective, observa-
tional series of patients admitted for acute pulmonary
edema, Kramer et al. (27) found that revascularization of
CAD was not associated with a reduction in recurrent
episodes of edema, although the sample size was small,
and there were very few deaths (27). In the present study,
which had a much larger sample and longer duration of
follow-up, complete revascularization was associated with
lower mortality, with outcomes that were not different
than the HFpEF group without CAD.
Study limitations. This sample is subject to referral bias
because of the requirement for angiography. The preva-
lence of CAD would be expected to be lower in a
randomly-selected population of patients, and we cannot
determine how many patients were admitted for HFpEF
who did not have an angiogram. The operating character-
istics reported for stress testing in this study were affected
by the catheterization laboratory referral population, in
which, presumably, the pre-test probability of CAD was,
on average, higher among ordering physicians. All patients
were required to have been hospitalized for HF, and these
results might not apply to the larger ambulatory population
of HFpEF patients who never required hospitalization.
The retrospective, observational nature of this study did not
permit conclusions regarding the causal effects of CAD or
revascularization on LV function or outcome, or on the
potential impact of CAD on the pathophysiology of
HFpEF. It is possible that complete revascularization
identiﬁed a healthier subset of patients or one that was
better treated, although medication use, symptoms, ischemia
burden, LV function, CAD severity, and other characteris-
tics did not differ in patients who did or did not receive
complete revascularization (Online Tables 4 to 7). This
study did not assess the impact of revascularization on
symptoms, because there was marked variability in follow-
up duration and completeness of documentation of symp-
toms at subsequent visits. This study did not assess the
impact of CAD or revascularization on recurrent HF hos-
pitalizations. Follow-up echocardiography was not per-
formed at consistent time points and was obtained only at
the discretion of ordering cardiologists, and survival bias
might also affect the longitudinal changes in LV function,
although one would expect this to only bias the results to-
ward the null.
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2827Conclusions
CAD is common in patients with HFpEF, and
noninvasive diagnosis may be less accurate in this cohort than
has been previously recognized. Although symptoms, ven-
tricular structure, function, and hemodynamics are similar in
patients with and without CAD, important and signiﬁcant
differences in outcome and response to treatment are present
that suggest that HFpEF should be nosologically sub-
categorized according to the presence or absence of CAD.
The presence of CAD is associated with worse outcome in
HFpEF independent of other predictors, and complete
revascularization may be associated with improved survival
and less deterioration in LV function over time. Prospective
trials are needed to determine the optimal techniques to
identify and treat CAD in patients with HFpEF, a disease for
which no current proven treatment exists.
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